The alloy development R&D activities for weld construction components, such as boiler piping and headers of high-efficient fossil-fired power plants have been conducted to introduce creep strength enhanced ferritic (CSEF) steels, grades 91, 92, 122, 911, 23 and 24 for last three decades. The grade 92 among these CSEF steels has the highest creep rupture strength to increase the steam temperature up to 620°C however the weld heat affected zone is much weaker in creep than the base metal due to the Type IV failure. Alloy design trials or proposal of the candidate steels in laboratory level has been conducted to improve the creep rupture strength than that of grade 92. Presently it is becoming possible in a very near future to introduce the new high strength ferritic steels beyond grade 92 on the commercial basis, and also the new steels could mitigate the Type IV failure at the welds to be applicable at the maximum use temperature of 625°C and above. But the creep degradation behavior in such new advanced steels is not yet well investigated and it is not verified that the creep degradation/life assessment techniques studied for the existing CSEF steels are applicable. Therefore the creep degradation and softening behavior of new advanced CSEF steels were studied and the hardness creep life assessment technique developed using grade 91 was applied to investigate the similarity of degradation process with the conventional CSEF steels. The present paper introduces the development status of new advanced steels beyond grade 92 in Japan and deals with the creep degradation and softening behavior of the new steels in comparison with grades 91 and 92.
INTRODUCTION
To improve thermal efficiency and survive the frequent shutdowns and startups and load swing operations of fossil-fired power plant with higher steam parameters, it is essential to select materials having high creep strength, high thermal conductivity and low thermal expansion for the high-temperature components.
In consideration of these requirements, high strength martensitic steels have been developed and introduced for practical application from the 1980s through to the present. Grades 91, 92, 122, etc. are the creep strength enhanced ferritic (CSEF) steels most well known and used in the modern high efficiency power plants. Grade 92 among the CSEF steels developed to date has maximum creep rupture strengths of approximately 130 MPa at 600°C and 65 MPa at 650°C for 100,000 hours. However there is strong demand for the development of CSEF steels having strength of 100 MPa level at 650°C for future advanced plants, including a 700°C class. The development of this type of high-strength martensitic steel beyond grade 92 has been conducted, and further enhancements in the creep resistance of 9-12%Cr steels used for boiler header/piping and steam turbine rotor applications are vital in order to achieve steam temperatures in excess of 625°C. This will lead to a further increase in the thermal efficiency of power plants whenever innovative steels have been commercially implemented.
The feature of the conventional CSEF steels, grades 91, 92 and 122 has resulted in extensive utilization for high temperature components in high steam parameter fossil-fired power plants for last three decades. However a number of creep failure experiences with these steels used in the superheater/reheater tubes, main-steam/hot-reheat pipes and headers due to the uncertainty and instability of long-term creep properties have been reported. Therefore it is necessary to clarify the creep degradation and softening behavior in the newly developed advanced CSEF steels beyond grade 92 to confirm that the advanced CSEF steels exhibit similar creep degradation and softening behavior with the conventional CSEF steels, and that the life assessment methods for conventional CSEF steels are also applicable.
In the research presented here, the development status of new advanced CSEF steels beyond grade 92 in Japan is introduced and evaluated, and the creep degradation and softening behavior of the new steels are investigated in comparison with grades 91 and 92 in terms of hardness based creep life assessment results. Figure 1 shows elevation of the creep rupture strength of heat resistant steels (ferritic, meta-stable austenitic and stable austenitic) for boilers, viewed in terms of change in the 100,000 h creep rupture strength at 600°C for materials developed during the 20th century and to date. Regarding ferritic steels, low alloy steels or 9-12%Cr steels at about 40MPa of 100,000 h creep rupture strength had been used over a long period of years, and the problem of cost increases existed because, especially in the case of the superheater and the reheater, there was an alloy gap between the low alloy steels and 18Cr-8Ni austenitic steels, arising as a result of steam temperature elevation. Accordingly, development of high strength 9-12%Cr steels was initiated in order to fill this gap, and the materials for 60MPa class (first generation) were developed over the period from 1960 to 1970. Further developments were advanced, and creep rupture strength reached to the 100MPa class (second generation) in the 1980s, with the 130MPa (65MPa at 650°C for grade 92) class (third generation) achieved in the 1990s. The steels developed in the second generation and the third generation should be called as the CSEF steels which is defined as "a family of ferritic steels whose creep temperature strength is enhanced by the creation of a precise condition of microstructure, specifically martensite or bainite, which is stabilized during tempering by controlled precipitation of temper-resistant carbides, carbo-nitrides, or other stable and/or meta-stable phases" in ASME Code, Section IX, QW/QB-492 Definitions.
DEVELOPMENT OF ADVANCED CSEF STEELS
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Ferritic steels for 100MPa at 650°C (150MPa at 600°C) class, as the next generation, had been expected to emerge, and alloy design trials or proposal of the candidate steels in laboratory level had been conducted to improve the creep rupture strength than that of grade 92 Presently it is becoming possible to introduce the new advanced CSEF steels beyond grade 92 on the commercial basis, and also the new steels could mitigate the Type IV failure at the welds to be applicable at the maximum use temperature of 625°C and above. Figure 2 shows the latest development progress diagrams for conventional CSEF steels and advanced CSEF steels in the family of ferritic steels used for power boiler components. Three kinds of advanced CSEF steels developed in Japan (Low C-9Cr, B-9Cr and 9Cr-3W-3Co-Nd-B (SAVE12AD)) can be introduced as indicated in the figure. Low C-9Cr steel has been proposed based on the fundamental study on the effect of chemical composition of Cr, C, Ni and Al on the long-term creep rupture strength and precipitation behavior [1, 2] . B-9Cr has been studied to propose a new concept of alloy design to mitigate the creep degradation in weld heat affected zone (Type IV) and significantly improve the long-term and high temperature creep rupture strength based on the fundamental findings of the effect of soluble boron and nitrogen on the mechanism of the microstructural evolution and creep strengthening [3] [4] [5] [6] [7] . 9Cr-3W-3Co-Nd-B (SAVE12AD) has been developed through the extensive creep and characterization tests to optimize the chemical composition and heat treatment conditions for the determination of the allowable stresses to meet the use for temperatures exceeding that for the conventional CSEF steels. The development of this steel have been conducted mainly from the industrial stand point rather than the laboratory aspect with limited publication, but the original alloy design concept and particularly the role of unique compositional element of Neodymium (Nd) in the steel have been studied [8, 9] and the chemical composition and mechanical properties have been specified for industrial applications. Table 1 shows nominal chemical composition for three kinds of advanced CSEF steels in comparison with those for grades 91 and 92 conventional CSEF steels. Figure 3 compares the extrapolated 100,000 h creep rupture strengths of the steels [10] , and those of grades 91 and 92 which are calculated from the METI allowable stresses. Since the strength values for B-9Cr are not yet officially given due to the limited data points when evaluated, the estimated band for the 100,000 h strength from the published data at the temperatures is shown in the figure. B-9Cr looks strongest among three Table 1 Nominal chemical composition of advanced CSEF steels, and grades 91 and 92 Figure 3 Comparison of 100,000 h creep rupture strengths of advanced CSEF steels Figure 4 Performance improvement of boiler steels steels, but the long-term creep tests to extrapolate the 100,000 h rupture strengths are presently ongoing. Low C-9Cr is weakest and shows remarkable drop in the strength at 650°C. In case of 9Cr-3W-3Co-Nd-B (SAVE12AD) it is found that the creep rupture strength at 650°C and 100,000 h is approximately 20% stronger than that of grade 92. Figure 4 shows the performance improvement of advanced CSEF steels comparing with conventional steels demonstrating the relationship between Cr content in steels and maximum applicable temperature at the design stress of 50MPa which is relatively low stress conditions, but the relative comparison between the steels can be done from the figure. The strength level of advanced CSEF is closing to the high strength 18Cr-8Ni austenitic steel grades, TP316H and TP347H. [11, 12] As mentioned above with the substantial gains in strength delivered by conventional CSEF steels, the conventional 538°C or 566°C limit on steam temperature has been elevated to 600°C -620°C at present. The advanced CSEF steels for use at 625°C and above being presently introduced, but, given the requirements of toughness, fabricability, and weldability for the thick-walled, large-diameter critical boiler components such as main steam piping and headers, a 9-12%Cr tempered martensite structure would likely be adopted. Therefore there are a number of points to be clarified with respect to the stability of the strength and structure, and degradation behavior of newly developed advanced CSEF steels in the temperature range over 600°C as same as the conventional CSEF steels. For the strain softening material with martensite structure, hardness can be used to determine and assess degradation for materials in service under the creep loading, and from the results of detailed structural observation thus far, it is considered that creep degradation and damage of CSEF steels are directly related to lath structure and precipitate behavior. Also, given that creep degradation and damage can be detected in terms of changes in hardness, the hardness method and its model for creep life assessment, incorporating precipitate and lath structural changes would be a tool to evaluate the degradation of the materials.
CREEP DEGRADATION IN CSEF STEELS
Consideration thus far clearly indicates that hardness declines due to creep, and that the amount of decline is strongly related to the creep life consumption of grade 91 (heat A and heat B) and grade 92 as respectively shown in Figures 5 and 6 .
The conventional CSEF steels in the present context also experiences reduced hardness due to thermal aging, but the amount of the reduction is small, and is actually extremely large under the stress conditions. That is, the hardness drop in the creep test materials (interrupted and ruptured materials) is based on structural changes dependent upon stress, and there is no doubt that the assessment of creep life from hardness measurement values has a firm basis in materials science. Figure 7 presents hardness measurement results for grade 91 (heat A) thermally-aged or crept specimens of base metal and welds (including interrupted specimens, and using minimum Figure 5 Hardness ratio vs. life fraction relationship for Gr.91 heats A and B Figure 6 Hardness ratio vs. life fraction relationship for Gr.92 hardness in the heat affected zone for welds), taking the Larson-Miller parameter as a variable. Thermal aging was performed from 550°C to 675°C in 25°C intervals, for up to 30,000h. In this case, the amount of decline in hardness was within 10%, and the slope of the softening curve is seen to be gentle. Also, the hardness of the grip portion of the creep specimens lies along the softening curve of the thermally-aged material. In contrast, the amount of softening for the loaded parallel portion of the creep specimens is extremely high, with considerable softening during the creep process. The softening process is divided into two groups with respect to the Larson-Miller parameter; test pieces at 98MPa and greater show low parameter values, while those at 71MPa and lower showing high parameter values. Also, the hardness of the interrupted specimen exhibits lower values with lower load stress. These findings correlate well with the previous assertions that lath grain growth behavior differs at a shift point of approx. 100MPa, and that coarse grains form more easily at lower stress. That is, the value of approx. 100MPa is the elastic limit for this material, such that plastic deformation is controlling at stresses over this level, while strain-induced softening or stress-induced softening occurs otherwise (given that plastic deformation does not occur at low stress values or multi-axial stress conditions). The hardness of the crept specimens (H) shown in Figure 7 is that measured at discretionary life fractions (t/t R ) through to the creep rupture, and, since the initial hardness (H 0 ) is known, the hardness ratio (H/H 0 ) can be obtained. This is plotted against the life fraction in Figure 5 . Looking at this, base metal and welds are both in the range of 0.2-0.9 of creep life fraction, exhibiting a clearly defined linear relationship expressed as H/H 0 = 0.98-0.15 t/t R . 
Where ΔH: hardness drop, ΔH 0 : initial hardness drop, Ks: coefficients, LMP: T(20 + log t), T is absolute temperature in K. t is time in hour. ΔH 0 is assumed to be 1. Therefore the equation (1) can be expressed in following form.
As creep life fraction t/t R is given by the equation (3), initial hardness H 0 is not necessary to be provided, but only the temperature and operating hours as well as hardness value measured are inputs to calculate the creep life fraction consumed. Figure 9 demonstrates the effect of true strain due to creep on the hardness drop. The hardness drop in the low stress conditions is greater than that in the high stress test. This means that the stress-induced softening under the elastic limit or multi-axial stress conditions take place with greater hardness drop. Figure 9 Relationship between hardness drop and true strain in Gr.91
CREEP DEGRADATION IN ADVANCED CSEF STEELS
The test material used in the present study is B-9Cr (0.081C-9.09Cr-2.62W-3.02Co-0.21V-0.052Nb-0.0072N-0.011 B) [13] joint-welded using grade 92 filler metal. The base metal and the cross-weld creep test specimens were machined out as standard size. Test conditions and the rupture times are shown in Table 2 [14] . The all cross-weld specimens ruptured in the weld metal of grade 92. This means that the advanced CSEF steel, B-9Cr is stronger than grade 92 weld metal. Therefore the base metal potion and the heat affected zone were under the creep-interrupted conditions at the time of the rupture of grade 92 weld metal, while the base metal portion and the heat affected zone were softened by creep loading and thermal aging. For the base metal of two ruptured specimens and three interrupted specimens the data of consumed times and hardness or hardness ratio against the initial hardness were obtained, and for the three cross weld specimens interrupted at the rupture times of grade 92 weld metal the data of consumed time and hardness or hardness ratio were obtained. Table 2 Creep test conditions and the rupture or interrupted times for B-9Cr
Figures 10 and 11 respectively show hardness traverse in the longitudinal section of parallel portion of base metal creep rupture specimens and cross weld specimens composed of weld metal (grade 92), heat affected zone and base metal which ruptured in grade 92 weld metal. In the base metal specimen homogeneous softening was seen in the parallel portion 10mm away from rupture location and 5mm away from the collared area. In the cross weld specimens narrow softened area between the heat affected zone and base metal was observed. Figure 12 shows the stress-time to rupture curves for base metal and cross weld specimens (grade 92 weld metal), and also the figure demonstrates the published data [13] of cross weld specimen (Alloy 263 weld metal) which ruptured in B-9Cr steel weld heat affected zone. This figure also shows averaged initial hardness (H 0 ), measured minimum hardness (H), hardness ratio (r) and creep life fraction (t/t R ). These data obtained from the advanced B-9Cr were plotted in the hardness Figure 15 shows the microstructures of the welds from fusion line to heat affected zone of B-9Cr welded joint. The fine grain structures are not found through out the heat affected zone. This means that there exists little risk in the degradation of heat affected zone (Type IV failure) which is remarkable in the conventional CSEF steels. Figure 16 also shows microstructures of creep interrupted and ruptured specimen which are made of the material heated to simulate the fine grain heat affected zone thermal cycles, but no fine grain is observed. The above mentioned test results clearly indicate that the creep degradation and softening behavior of the newly developed advanced CSEF steels are same as that of grades 91 and 92, and the creep degradation/life assessment techniques developed for conventional CSEF steels can be applied. 
CONCLUSIONS
(1) The development status of new advanced CSEF steels beyond grade 92 in Japan was introduced and evaluated to find that creep rupture strength of advanced CSEF steels was approximately 20% stronger than that of grade 92. And advanced CSEF steels with optimized composition of boron and nitrogen could mitigate the creep degradation in weld heat affected zone (Type IV) and significantly improve the long-term and high temperature creep rupture strength of welded joint.
(2) The creep degradation and softening behavior of the new advanced CSEF steels were investigated in comparison with grades 91 and 92 in terms of hardness based creep life assessment method. It was clarified that the newly developed advanced CSEF steels behaved in creep degradation and softening as same as grades 91 and 92, and the creep degradation/life assessment techniques developed for grade 91 could be applied.
